The thermo-responsive phase behaviour of the sodium salt of poly(acrylic acid) (PAA) was studied when its counter-ion was exchanged for a series of metal cations (PAA-metal cation complexes). The thermo-responsivity of such PAA-metal cation complexes appeared greatest for divalent metal cations capable of interacting weakly with PAA carboxylates. The thermoresponsivity was correlated with the adsorption behaviour of PAA towards such cations and the hydration structure of the complexes. The effect of metal cations on the thermo-responsivity followed the Irving-Williams order of stability. The condition of such complexes allowing the generation of thermo-responsivity was discussed.
INTRODUCTION
Water-soluble thermo-responsive non-ionic polymers such as N-substituted acrylamide, N-substituted methacrylamide and poly(vinyl alcohol) with a small degree of saponification have attracted much attention due to their scientific and engineering importance. The thermoresponsivity of such polymers in water is attributed to a change in the hydrophilic/hydrophobic balance of the polymers which is dependent upon the temperature (Heskins and Guillet 1968; Tanaka 1992; Seida and Nakano 1993) . The basic molecular structure of thermo-responsive polymers involves the co-existence of a certain amount of hydrophilic/hydrophobic segments and/or functional groups in the polymer. Thermo-responsivity appears alongside a change in the hydration structure of the non-ionic polymers (Maeda et al. 2001; Otake et al. 1990 ). The addition of electrolytes such as NaCl also affects the thermo-responsivity of non-ionic polymers in aqueous systems due to a change in the hydration structure of the polymers (Seida and Nakano 1996; Zhang et al. 2005) . Hence, the hydration structure of polymers is an important factor in determining thermo-responsivity.
Polymer-metal cation complexes have been extensively studied from the viewpoint of synthesizing polymers with high coordinative ability towards metal ions (Francois et al. 1997; Morlay et al. 1998) , the determination of the structure of the complexes and their characterization (Tomida et al. 2001; Roma-Luciow et al. 2001 ) and the physical properties of the complexes (Tsuchida 2000) , with a view to their application for various engineering applications such as wastewater treatment, separation, catalysis and, more recently, to obtain an understanding of bio-processes such as biological self-assembly, signal transduction and electrophoresis in which bio-polymers and macromolecules take part. Of such polyelectrolyte-metal cation complexes, those involving polyacrylates have been the most extensively studied. Thus, Horkay et al. (2001) investigated the interaction between cross-linked polyacrylates and a series of cations (Ca 2+ , Sr 2+ , Co 2+ , Ni 2+ , La 3+ , Ce 3+ ) from the viewpoint of osmotic swelling pressure, shear modulus and mixing pressure of the cross-linked polyacrylate as a function of the salt concentration. On the basis of the Flory-Huggins theory, these workers showed that alkaline earth metal cations move freely throughout the entire network of a cross-linked polyacrylate, with transition metal cations forming stronger inter-chain associates and rare earth cations bound irreversibly to the polyacrylate structure. Sabbagh et al. (1999) , on the basis of an SAXA study, reported that divalent cations (Ca 2+ , Co 2+ ) are in close vicinity to the polyacrylate chain. The chemical association of the Co 2+ ion led to the dehydration of acrylate monomers, but the hydrophobicity of the resulting complexed monomers was not sufficiently strong to induce the collapse of the polymer chain on the small spatial scale. Zhang et al. (2001) reported that the reduction of the radius of gyration of the chain as a result of the binding of divalent cations was similar in magnitude to the change in the polyacrylate domain size. In the case of transition metal cations, the formation of certain salt-bridge-like chain complexes was demonstrated (Zhang et al. 2001) . Although the interaction between polyelectrolytes and metal cations, and the phase behaviour of the polymers as a function of the concentration of such metal cations, has been studied in some detail as mentioned above, critical examination of their thermo-responsivity in terms of the adsorption of metal cations and the hydration structure of the polymer is lacking.
In the present study, the thermo-responsivity of a polyelectrolyte has been examined from the viewpoint of controlling its hydration structure via the formation of a polymer-metal cation complex system (adsorption of metal cations onto the polymer through cation exchange), using poly(acrylic acid) -a highly hydrophilic non-thermo-responsive polymer. The thermoresponsivity of poly(acrylic acid, sodium salt) (PAA) was examined when some of its Na + counter-ions were exchanged with a series of metal cations (to yield PAA-metal cation complexes). The thermo-responsive phase behaviours of a series of PAA-metal cation complexes, as well as the conditions necessary for the production of the thermo-responsive polymer, have been investigated from the viewpoint of the adsorption behaviour of the polymer towards various cations and the hydration structure of the polymer as a function of the composition of the complexes so formed.
EXPERIMENTAL

Preparation of PAA-metal cation complexes
A linear-PAA [Aldrich; M.W. = 5100; sodium salt; pK a of carboxylate = 4.25 (Howard and Meylan 1997) ] and a crosslinked-PAA (Sumitomo Chemical Co. Ltd.; hydrogel; sodium salt; ϕ = ca. 250 µm in the dry state) were used as supplied. The polymer-metal cation complexes between the PAAs and a series of metal cations were prepared through ion exchange in an aqueous system. Thus, a 0.1 wt% aqueous solution of the linear-PAA was mixed very slowly with 0.1 M aqueous solutions of a series of metal nitrates (Mg 2+ , Ca 2+ , Sr 2+ , Ba 2+ , Co 2+ , Ni 2+ , Zn 2+ , Cu 2+ , Pb 2+ and Ce 3+ ) to obtain various metal ion/PAA ratios (Q Me /Q IEC , where Q Me and Q IEC are the equivalent concentration of introduced metal cation [equiv/(g polymer)] and the ion-exchange capacity of the polymer on an equivalent basis [equiv/(g polymer)], respectively) at 278 K, thereby obtaining slurries of the complexes via gentle stirring. The crosslinked-PAA-metal cation complexes were also prepared in the same manner. Thus, the crosslinked-PAA particles were swollen by suspension in distilled water for 1 d and then mixed with a series of metal cations at particular metal ion/PAA ratios under gentle stirring at 293 K. The amount of metal cations introduced into the gel was calculated from massbalance considerations by measuring the concentration of the metal cations in the solution after adsorption equilibrium had been attained. The prepared PAA-metal cation complex slurries were maintained at 276 K in a temperature-controlled water bath for 24 h. The concentrations of metal cations in the solution were measured by Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES). Reagent grade chemicals were used in all the experiments. The pH values of the series of crosslinked-PAA-metal cation slurries after adsorption equilibrium were within the range 5.6-6.5.
Phase behaviour of the complexes
The thermo-responsive phase behaviours of the PAA-metal cation complexes were studied on the basis of the turbidity of the slurries (linear-PAA-metal cation complexes) and the swelling volumes of the gels (crosslinked-PAA-metal cation complexes) at various temperatures. The swelling volume of the gels was observed as a function of temperature through the use of a reliable packing height method as reported elsewhere (Seida et al. 2004 ). The swelling ratios at each temperature were calculated from the packing height of the gel in a cylindrical glass tube using the following equation:
Characterization of the complexes
Adsorption isotherms of crosslinked-PAA for the series of metal cations studied were obtained using conventional batch sorption methods. The hydration structure of the linear-PAA-metal cation complexes was analyzed using differential scanning calorimetry (DSC). Gel precipitates collected from the slurries of the PAA-metal cation complexes (Q Me /Q IEC = 1) were used preferentially for DSC analysis because they were free of the Na + ions released from the PAA during the ion-exchange process. The scanning temperature range and the rate of scanning employed in the DSC measurements were 223-300 K and 3 K/min, respectively. The hydration structure of the complexes was estimated on the basis of heating charts employing the endothermic melting peak of hydrated water frozen at 223 K. Such heating charts were normalized on the basis of the water content of each gel. The heat of fusion for water in each complex was calculated from the heating charts using the specific heat of water. The visible light absorption spectra of slurries containing linear-PAA-Co 2+ and linear-PAA-Ni 2+ complexes were obtained using a UV-vis spectrophotometer to observe the influence of temperature on the complexation process as well as to confirm polymer-metal cation complexation. linear-PAA-Pb 2+ and linear-PAA-Ce 3+ complexes, turbid slurries containing opaque gel precipitates were produced when the starting solutions were mixed; such precipitates showed no sign of dissolution even after storing under gentle stirring for 24 h at 276 K. Figure 1 shows photographs of the slurries of the linear-PAA-metal cation complexes prepared at 293 K and 333 K, respectively (the value of Q Me /Q IEC for each complex was 1.0). The slurries containing PAA-Ca 2+ , PAA-Co 2+ , PAA-Ni 2+ and PAA-Zn 2+ complexes with small amounts of their gel precipitates were transparent at 293 K but became opaque at 333 K as a result of phase separation. Such phase behaviours were reversible depending on the temperature change. Thus, in the case of the 1 wt% PAA system, gelation of the whole solution occurred at 333 K and the sol-gel transition occurred reversibly depending on temperature. However, slurries containing PAA-Cu 2+ , PAA-Pb 2+ and PAA-Ce 3+ complexes were not thermo-responsive. Figure 2 illustrates the thermo-responsive swelling behaviours of the crosslinked-PAA-Ca 2+ complexes (hydrogels) for a series of Ca 2+ ion contents. The complexes exhibited a reversible continuous volume change depending on the temperature. The degree of swelling, V/V 298 K , decreased with increasing temperature and with the content of Ca 2+ ions (Q Ca 2+/Q IEC ). The results indicate a decrease in the hydrophilicity of the polymer due to complex formation. Similar thermo-responsive swelling behaviours were observed for the complexes containing a series of alkaline earth metal ions (Mg 2+ , Sr 2+ and Ba 2+ ), Co 2+ and Ni 2+ ions as shown in Figure 3 . The crosslinked-PAA-Co 2+ and crosslinked-PAA-Ni 2+ complexes showed a larger change in their swelling behaviour (V/V 283 K ) compared with the crosslinked-PAA-alkaline earth metal complexes when compared on a common Q Me /Q IEC basis. Such a thermo-responsive volume change was not observed at any Q Me /Q IEC value for the crosslinked-PAA-Zn 2+ , crosslinked-PAA-Cu 2+ , crosslinked-PAA-Pb 2+ and crosslinked-PAA-Ce 3+ complexes. In addition, complexes 
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Adsorption behaviour of PAA towards metal cations
The adsorption isotherms of crosslinked-PAA towards metal cations that produced thermoresponsive complexes were of the Henry type as shown in Figure 4 . Interaction between PAA and the various metal cations studied increased in the order Ca 2+ < Co 2+ < Ni 2+ in line with the Henry constants, K d , obtained from the slopes of the isotherms: K d = 0.0034 ᐉ/g (Ca 2+ ), K d = 0.011 ᐉ/g (Co 2+ ) and K d = 0.020 ᐉ/g (Ni 2+ ). In contrast, the isotherms for those cations that did not produce thermo-responsive complexes were Langmuirian in type with a steep initial slope. The apparent K d values calculated from the initial steep regions of these isotherms were 1.28 ᐉ/g (Pb 2+ ), 0.43 ᐉ/g (Cu 2+ ) and 0.21 ᐉ/g (Ce 3+ ), respectively, corresponding to a larger mean stability constant for the complexes than occurred in the Henry-type system. The adsorption behaviour of PAA follows the Irving-Williams order for the association stability constants of the dicarboxylate complex (Irving and Williams 1953) . Thermo-responsivity of complexes arose in those systems where complex formation between divalent metal cations and carboxylates exhibited a small stability constant.
Hydration structure of the complexes Figure 5 shows the normalized DSC thermograms for the series of linear-PAA-metal ion complexes studied. It will be seen from the figure that the melting temperature of the water bound in the complexes (the cross-point between the base line and the slope line of the various peaks) depended on the metal cation studied. For PAA in pure water (PAA/water = 1:1 w/w, where the polymer/water ratio was the same as the value of Q ca 2+ /Q IEC for the gel precipitate of PAA-Ca 2+ ), no endothermic peak was observed over the temperature range scanned, indicating strong hydration of PAA. Endothermic peaks due to bound water (the hatched areas) were observed in the thermoresponsive complexes involving weak polymer-metal cation interaction (PAA-Ca 2+ , PAA-Co 2+ , PAA-Ni 2+ and PAA-Zn 2+ ). The melting temperature increased as the amount of bound water decreased, the latter being dependent on the interaction between PAA and the individual metal cation. In contrast, in those complexes with relatively strong polymer-metal cation interaction (PAA-Cu 2+ , PAA-Pb 2+ and PAA-Ce 3+ ), i.e. systems exhibiting large stability constants, a remarkable decrease in the amount of bound water was observed due to the drastic decrease in the hydrophilicity of PAA as a result of charge compensation associated with complexation.
The heats of fusion [J/(g water)] calculated from the endothermic peaks for water for each complex were 147.1 (PAA-Ca 2+ ), 160.8 (PAA-Co 2+ ), 225.8 (PAA-Ni 2+ ), 297.3 (PAA-Zn 2+ ), 312.7 (PAA-Cu 2+ ), 319.2 (PAA-Pb 2+ ) and 320.1 (PAA-Ce 3+ ), respectively, indicating that strongly hydrated water still existed in thermo-responsive complexes whereas the non-thermo-responsive complexes lost most of their hydrated water. The existence of weakly hydrated bound water contributes to the thermo-responsivity of the complexes. This is consistent with the fact that water-soluble non-ionic polymers exhibit thermo-responsive phase behaviour in association with the temperature-dependent hydration/dehydration phenomena of water molecules weakly bound to the polymer molecule.
Absorption spectra of the complexes
The formation of polymer-metal ion complexes in aqueous solutions of polycarboxylates was confirmed by the visible light absorption spectra of aqueous solutions of metal nitrates (Co 2+ and Ni 2+ ) and the slurries of linear-PAA-metal ion complexes (metal = Co 2+ and Ni 2+ ) at 293 K and 323 K [ Figure 6 (a) and (b)]. Complex formation caused the absorption peaks of the respective metal cations to be shifted to longer wavelengths at 293 K and even further at 333 K.
Since the heats of formation of the metal-dicarboxylate complexes are predominantly endothermic, the coulombic forces between the charged centres will vary with temperature (McAuley et al. 1967) . The peak shift reflects the change in the interaction between the polymer and the metal ions with temperature (Banerjea 1993) . Such complexes will be stabilized by relatively large positive entropy changes due to the liberation of water molecules from the ions during complex formation. In a polymer-metal ion complex system where strong interaction exists between the polymer and the ion, these two components lose their bound hydrated water largely by charge compensation through complexation. In contrast, in the weak complex system, some amount of the weakly bound water remains as was confirmed by the DSC analysis; the presence of such water leads to the production of a reversible hydration/dehydration structure and the generation of thermo-responsivity. The thermo-responsivity of the polymer will be created when the hydration structure of polymer is an optimum for reversible hydration/ dehydration. The hydration structure can be simply controlled by the introduction of divalent cations into the polyelectrolyte system present. 
